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The role of plasmons and interband transitions in the color of AuAl 2 Intermetallic compounds often have physical properties that are markedly different from those of the constituent elements. The unusual purple and blue colors displayed by AuAl 2 , AuIn 2 , and AuGa 2 are an example. Although brittle, these compounds can be used in jewellery [1] [2] [3] [4] and the origin of the color has been discussed in a number of experimental and theoretical investigations. [5] [6] [7] [8] [9] [10] [11] [12] [13] In all three materials the purple and blue hues arise because there is a dip in the reflectivity at around 2 eV which was first measured by Vishnubhatla and Jan in 1967. 14 This dip has been attributed to the absorption of light due to interband transitions in a similar mechanism to that responsible for the yellow and red colors of gold and copper. Although it has previously been suggested that transitions from the d-band are responsible for the dip, 5, 9 it is now generally accepted that the d-band lies too far below the Fermi-level to be involved. 8, 10, 13, 15 The assignment of the colors to interband transitions has been made by a qualitative examination of the band structure and/or density of states. An earlier quantitative prediction of the optical response did not provide satisfactory agreement with the experimental data. 7 We have used density functional theory (DFT) to calculate the electronic structure, optical response, and electron energy-loss spectra (EELS) for these compounds. The theoretical reflectivity has been derived and compared to experimental data. Our calculations suggest that, contrary to the previously accepted view, a plasmon excitation is an important contributor to the optical properties of AuAl 2 . In order to support this interpretation, experimental EELS were acquired from this material. In EELS, in addition to peaks due to interband transitions, plasmons are directly excited and are also observed as peaks in the spectrum.
A button of AuAl 2 of a nominal 2.5 g mass was produced by melting of the pure elements in a vacuum arc furnace. The sample was formulated to contain a small amount of interdendritic Al as a second phase, because a 100% AuAl 2 microstructure is exceedingly brittle. The button was then sectioned into slices using a diamond saw. Fig. 1 shows an optical micrograph of the resultant alloy. The sample is predominantly purple AuAl 2 phase with some interdendritic Al as a minor constituent.
The DFT calculations were performed using the (linearized) augmented plane wave plus local orbitals method (LAPWþlo) within the WIEN2K software package. 16 This is an all-electron method that includes relativistic effects. All three alloys have a cubic fluorite structure and belong to space group Fm-3m. The lattice constant used for AuAl 2 was 6.00 Å , for AuIn 2 was 6.502 Å , and for AuGa 2 was 6.063 Å . 17 The generalized gradient approximation (GGA) of Perdew, Burke, and Ernzerhof (PBE) 18 was used for the exchange-correlation potential. The number of k points in the first full Brillouin zone was set to 10 000. Increasing the number of k-points beyond this did not alter spectral details. The complex dielectric function, e ¼ e 1 þ ie 2 , and the loss function, Im(À1/e), were calculated using the OPTIC routine within WIEN2K. These calculations are based on the random phase approximation and neglect local field effects. 19 Local field effects are not expected to be significant in the low-energy spectral regions of interest here. 20 Fig . 2 shows the calculated dielectric functions for the three alloys and Fig. 3 shows the reflectivity spectra derived from these. The calculated reflectivity is compared to experimental data from Vishnubhatla and Jan. 14 reflectivity data from our own AuAl 2 sample is also included. There will be some contribution from the pure Al phase to the reflectivity of this sample, but as the reflectivity of Al in this region is quite featureless and it is a minor constituent, the influence should be minimal.
The theoretical reflectivity spectra were converted into a color for each alloy using the CIELAB color system. 21 The (L, a*, b*) coordinates were as follows: AuAl 2 (64.4, 14.5, À16.7), AuIn 2 (87.5, a* ¼ À3.5, À5.1), and AuGa 2 (84.5, À1.29, À7.59). These color coordinates are all in the bluepurple region with AuAl 2 having a more intense and more purple hue than the other two compounds.
Although the reflectivity spectra for these three compounds are quite similar, the dielectric functions reveal a significant difference. Unlike the other two compounds, the e 1 of AuAl 2 crosses zero at 2 eV. That is, it has a bulk plasma frequency in the optical region. This plasma frequency is significantly modified from the expected position based on a free electron model, as is the case for many similar materials where interband transitions are significant, such as gold and silver. In addition, the onset of interband transitions (the peak in e 2 ) occurs at a higher energy for AuAl 2 , at $2.5 eV compared to $1.8 eV in the other compounds. Therefore the dip in reflectivity for AuAl 2 , which is responsible for the purple color, cannot be simply attributed to interband transitions. Evidently, the decrease in reflectivity at the plasma frequency that is characteristic of metals plays a key role here too.
Interestingly, in the first optical study of this alloy, Vishnubhatla and Jan stated that "the possibility of a hybrid plasma-interband resonance in AuA1 2 , near 2 eV, similar to that occurring in beta-brass, cannot be excluded." 14 They pointed out, however, that the zero crossing of e 1 was highly sensitive to the extrapolation used in the Kramers-Kronig analysis. In the analysis of optical data the narrow energy range of the experimental data mean that energy extrapolations are necessary in order to perform the integrals in the Kramers-Kronig analysis. In the computational results here an extended energy range is available, and this limitation does not apply. It should also be noted that the role of plasmons in the color of beta-brass has still not been conclusively resolved. 22 Ellipsometry measurements on AuAl 2 by Chen and Lynch 6 also showed the imaginary part of the dielectric function (e 1 ) just crossing zero at around 2.3 eV, and the derived energy loss function showed a strong plasmon-like feature around this energy. Despite this, they still attributed the distinctive color entirely to interband transitions. The role of the plasma frequency in the color of this alloy appears to have been largely ignored.
Plasmon resonances can be directly excited by an electron beam and are observed as peaks in the EELS. A thin section of the alloy was prepared using mechanical polishing and ion milling. EELS were acquired using the Zeiss SESAM (sub-electron-volt-sub-angstrom microscope) microscope which incorporates a monochromated electron source, Kohler illumination, and in-column electron spectrometer. A collection angle of $4 mrad was used. The spectra were collected from a region approximately 130 nm in diameter which consisted only of the AuAl 2 phase and had a thickness of 1.7 times the inelastic mean free path. The energy resolution, as measured by the full width half maximum of the zerolos peak was 0.17 eV. Fig. 4 shows the experimental EELS compared to the theoretical spectra. The vertical axis for the experimental spectra has been rescaled to provide the best visual match. The agreement is striking, and a quite distinct, sharp, peak is observed at $2 eV, where the plasmon peak is expected.
The calculated EELS of AuIn 2 and AuGa 2 did not display this peak. The calculated density of states (DOS) for the three compounds are not shown here but were consistent with the literature. 15, 24 The DOS for AuIn 2 and AuGa 2 are almost identical, and AuAl 2 has a very similar shape but with slight shifts in the relative energies of features consistent with the higher energy of the interband transitions generating the main peak in e 2 . A band analysis of the dielectric function was performed and showed that, as expected, the peak in e 2 is due to transitions between s-p states above and below the Fermi level, and the d-band is not involved.
We have verified here that a low energy bulk plasma frequency is an important contributor to the strong purple color of AuAl 2 , in contradiction to the common assumption that it is due only to interband transitions. 1 The occurrence of a metal plasma frequency in the optical region is a quite unusual phenomenon. The bulk plasma frequency is outside the optical region for the otherwise similar materials AuIn 2 and AuGa 2 .
